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Abstract One important constraint on source retrieval from regional seismograms 
comes from the amplitude difference between various phases (such as Pnl/surface 
wave, SV/SH). Because the misfit errors used in some waveform inversions are nor- 
malized by the data and synthetics, the amplitude information in the data has not 
been fully utilized. In this article, we modify the "cut and paste" source estimation 
technique (Zhao and Helmberger, 1994) by removing this type of normalization. It 
is shown that the modified method increases the stability and resolution of inversion. 
When multiple stations at different distance ranges are used, a distance scaling factor 
is introduced to compensate for the amplitude decay with distance. By applying the 
technique to the TERRAscope data, we have determined source mechanisms and 
depths of 335 southern Californian events with M c _--> 3.5. The amplitude decays 
with distance are r 113 for Pnl, r °55 for Love waves, and F 0"74 for Rayleigh waves. In 
contrast to generally shallow source depths reported by the southern California short- 
period network, the depth distribution from waveform inversion shows a strong peak 
around 12 km with few earthquakes occurring above 5 km and below 20 km. 
Introduction 
Significant progress has been made recently in retriev- 
ing source mechanisms from regional broadband seismo- 
grams. A consequence is that the magnitude threshold of 
events that can be analyzed has been lowered to less than 4. 
Because of the frequent occurrence and relatively simple 
source functions of earthquakes in the magnitude range of 3 
to 5, their waveforms are ideal for investigating regional 
structures, which is of great importance for delineating fault 
structures and understanding path effects for ground motions 
from large earthquakes. 
Two kinds of regional waveform data are typically used 
for source estimation: surface waves (Patton, 1980; Patton 
and Zandt, 1991; Thio and Kanamori, 1995) and body waves 
(Wallace and Helmberger, 1982; Fan and Wallace, 1991; 
Fan et al., 1994; Dreger and Helmberger, 1993). Generally, 
body waves are less affected by shallow heterogeneities and 
are more stable than surface waves, although they have a 
lower signal-to-noise ratio due to their smaller energy. There 
have been several inversion methods proposed recently us- 
ing whole waveforms of seismograms (Walter, 1993; Rit- 
sema and Lay, 1993; Zhao and Helmberger, 1994; Nabelek 
and Xia, 1995). Most of these inversions are mainly con- 
trolled by surface waves, particularly because they are per- 
formed using long-period waveforms. An exception is the 
"cut and paste" (CAP) method by Zhao and Helmberger 
(1994), which breaks broadband waveforms into Pnl and 
surface-wave s gments and inverts them independently. The 
source mechanism is obtained by applying a direct grid 
search through all possible solutions to find the global min- 
imum of misfit between the observations and synthetics, al- 
lowing time shifts between portions of seismograms and 
synthetics. One of the advantages ofthe technique is that it 
proves insensitive to velocity models and lateral crustal var- 
iation. 
Because the misfit errors defined in Zhao and Helmber- 
ger (1994) and others (Wallace and Helmberger, 1982; Fan 
et al., 1994) are normalized by the data and synthetics, the 
amplitude information i  the data has not been fully utilized 
to constrain the source orientation and depth. The purpose 
of this article is to strengthen the CAP technique by remov- 
ing this normalization and allowing better use of amplitude 
information. As multiple stations at different distance ranges 
are often used in source inversion, we will also investigate 
the amplitude decays with distance range for different crustal 
phases and correct hem by introducing a distance scaling 
factor. Some applications of the modified technique to the 
southern California regional events are presented. 
Source Estimation Using True Amplitude Waveforms 
Let u(t) be the observed isplacement. The correspond- 
ing synthetic displacement s(t) for a double-couple source 
can be expressed as 
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s(t) = Mo ~ Ai(05 - O, 3, 2)Gi(t), (1) 
i=1  
here, i = 1, 2, 3 corresponds to three fundamental faults, 
i.e., vertical strike slip, vertical dip slip, and 45 ° dip slip. 
Gi's are the Green's functions, Ai's are the radiation coeffi- 
cients, and 05 is the station azimuth. M 0 is scalar moment; 0, 
d, and 2 are strike, dip, and rake, respectively, of the source 
that we want to determine from u(t). They can be estimated 
by solving the equation 
u(t) = s(t). (2) 
Since there are only limited unknown parameters and all of 
them are limited to a range of values (0 --< 0 _-< 2n, 0 -< d 
<= n/2, 0 =< 2 _-< 2~), it is convenient to solve the above 
nonlinear equation by grid search method. We define an ob- 
ject function to measure the misfit error between u and s and 
search through the parameter space to find the global mini- 
mum of the object function. 
In Zhao and Helmberger (1994), the misfit error is de- 
fined as the norm (L1 or L2) of the difference between u and 
s normalized by the norms of both u and s: 
I1" - sl l  
e - (3 )  
I lul l" IIs[I " 
Because Pnl usually has smaller amplitude than surface 
waves, this normalization helps to weight Pnl and surface 
waves equally. It also prevents the inversion from being 
completely dominated by the strongest tation, which is usu- 
ally the nearest station, if several stations at different dis- 
tance ranges are used. However, the amplitude information 
is lost during the normalization. Some of this information, 
such as amplitude ratios of Pnl-to-surface waves and SV-to- 
SH, provide important constraints on the source orientation 
and depth. A more severe problem with this normalization 
is that it introduces ingularities in the source parameter 
space at those points where source orientation generates 
nodal synthetics (where the norm of synthetics vanishes). In 
the case when the data include nodal records, the grid search 
will miss the true minimum. 
As an example, Figure la shows the misfit error as de- 
fined by equation (3) as a function of dip and rake (the lo- 
cation of the event and the waveforms are displayed in Fig. 
2). The global minimum is very obscure. The error surface 
is distorted by some peaks and ridges that are associated with 
singularities introduced by the normalization. Figure lb is 
the misfit error using true amplitudes without normalization: 
e = Ilu - sll. (4) 
It has a well-defined global minimum at d = 60 ° and 2 = 
- 10 °. Note that the P-SV waves at station PFO, GSC, and 
ISA are close to nodal (Fig: 2), which are well matched by 
the synthetics of solution b. But the synthetics of solution a 
have larger P-SV amplitudes compared with the data. This 
particular example of waveform modeling exposes the dif- 
ficulties encountered atnodes. Since the P-SV motions are 
near nodal to the north, the radial and vertical components 
are easily contaminated by SH motions (see reference lines 
in Fig. 2). Only the PAS observations display a true Rayleigh 
wave with the expected lag time behind the Love waves. 
The cut and paste aspect of the search procedure moves the 
synthetic Rayleigh wave forward, attempting to capture 
some of this energy to constrain mechanism (see ISA). The 
modified method tends to suppress uch spurious attempts. 
Distance Range Scaling 
Using true-amplitude waveforms for source inversion 
usually leads to the problem of the closest station dominating 
the inversion when stations are distributed over a large dis- 
tance range. Figure 3 shows misfit errors as a function of 
distance. These misfit errors were obtained through a global 
search applying expression (4) to 335 southern Californian 
regional events of ML => 3.5. Standard southern California 
crustal model (SC model, see Dreger and Helmberger, 1993) 
was used in the inversion. 
The misfits of surface waves have larger scatter than 
body waves, which are expected because surface waves are 
more easily affected by shallow heterogeneity. It has been 
shown that Pnl at a range of 300 to 1000 km is quite stable 
(Helmberger and Engen, 1980) and easily inverted for 
source mechanisms (Wallace and Helmberger, 1982). At 
closer range, the details of the Moho transition plays a more 
important role as well as the PL waves trapped in the shallow 
crust (Song and Helmberger, 1996). Since both of these fea- 
tures show strong local variation, we should expect he large 
scatter displayed in Figure 3 at closer distances. However, 
because the Pnl's at the nearest stations play an essential 
role in early warning (Scrivner and Helmberger, 1995), the 
local velocity structure should probably be added to each 
station. This approach will be pursued in future efforts. 
Despite the scatter of data in Figure 3, the misfit errors 
show a rapid decay with distance. Since radiation patterns 
have been taken out, this decay is related to the amplitude 
decay due to geometrical spreading and attenuation. To com- 
pensate for this decay, we introduce adistance range scaling 
factor and define the misfit error for a record at a distance 
r as  
'", 
here p is a scaling factor to give the record at r the same 
weight as that at reference distance r 0. If we assume aspher- 
ical geometrical spreading for body waves and cylindrical 
geometrical spreading for surface waves, an appropriate 
choice of p would be p -- 1 for body waves and p = 0.5 
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Figure 1. Waveform misfit errors as a func- 
tion of dip and rake for one of southern Cali- 
fornia events (24 May 1992, 12:22) (see Fig. 
2). (a) The misfit error using normalization 
(expression 3 in text), solution is t9 70 °, & 80 °, 
2 20 °, Mw 3.9, h 14 kin. (b) The misfit error 
using the true amplitude of the recorded wave- 
forms (expression 4), solution is 0 245 °, ~ 60 °, 
2 - 10 °, M w 3.9, h 17 kin. The global minima 
from the grid search are indicated by black 
dots. 
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Figure 2. The location of event (star) used in Figure l. The focal spheres correspond 
to the solution (a) and (b) in Figure 1, and their synthetics are plotted above (solution 
a) and below (solution b) the data trace. Reference lines are arrivals of Love waves as 
determined from the tangential components. Numbers below station names are epicen- 
tral distances in km. 
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Figure 3. Misfit errors of different portions of 
seismograms of335 southern California events. True 
amplitude waveforms are used in the inversion. We 
chose r o = 100 km as reference distance. The solid 
lines are (retry ", where the p values are determined 
from a least-square fit. 
4 
for surface waves. For southern California, the p values de- 
termined from Figure 3 are 1.13 for Phi, 0.55 for Love 
waves, and 0.74 for Rayleigh waves. The scatter in the figure 
is large, especially at the smaller distances, uggesting con- 
siderable variation in local structure and the need for re- 
gionalization. Nevertheless, it appears that the p values de- 
rived from geometrical spreading are reasonably good for 
the period range (5 to 100 sec) used in waveform inversion. 
Applications 
Because there is essentially no manual intervention re- 
quired for this technique, it can be fully automated. We have 
implemented it using data from TERRAscope. As soon as a 
regional event larger than 3.5 occurred, preliminary event 
location is used to trigger the code to invert for source mech- 
anism using real-time waveform data. Usually it takes 3 min 
on a SUN-SPARC 10 workstation for the code to complete 
a 10 ° spacing grid search while fixing the source depth. If 
needed, the best focal depth can be determined through an 
additional iteration in a range of depths. 
We present the recent Ridgecrest earthquake in southern 
California as an example (Fig. 4). This event, which oc- 
curred on 20 September 1995, is the largest (M L 5.8) since 
the 1994 Northridge arthquake. The best solution of the 
waveform inversion gives an almost purely strike-slip mech- 
anism with one nodal plane striking N30°W. This mecha- 
nism is consistent with the first-motions focal mechanism 
(Hauksson et al., 1995). To give an estimate of uncertainty 
of the solution, we plot misfit error as a function of depth 
(Fig. 4b) and contours of misfit values around the best so- 
lution (Fig. 4c). They show that the strike is well defined 
(within _+ 10°), while the rake and dip are less well con- 
strained (+ 30°). The best focal depth of 14 km determined 
from the inversion is deeper than the 5 km depth in the 
Southern California Seismographic Network (SCSN) cata- 
log. Figure 5 shows a comparison of data with synthetics for 
the best solutions at the depths of 5 and 14 kin. Note that all 
the TERRAscope stations, except NEE, show strong SH 
components and weak vertical and radial components be- 
cause most of them are close to the P-SV nodal directions 
for this event (Fig. 4). The synthetics match the observations 
well both in shape and amplitude. This indicates that the 
amplitude adjustment with distance scaling is about correct 
and that the Green's functions are satisfactory. For all sta- 
tions, except DGR, the synthetics with the deeper focal depth 
fit the data better. Some paths cause difficulties, such as the 
path to SNCC (San Nicolas Island). Some stations, also, 
show complexities such as the large apparent Rayleigh mo- 
tions arriving on the tangential component at PAS. Fortu- 
nately, good station coverage overwhelms these types of 
misfits. 
We have applied the technique to all available regional 
events of ML => 3.5 recorded by TERRAscope back to 1990. 
A total of 335 focal mechanism solutions are obtained. Al- 
though a large number of them are aftershocks of the 1992 
Landers and 1994 Northridge arthquakes, the data set still 
gives a good sampling of active source regions in southern 
California (Fig. 6). Figure 7 is the comparison of inverted 
focal depths and Mo with the depths and ML from the SCSN 
catalog. M 0 versus ML essentially follows the relation found 
by Thatcher and Hanks (1973). But the waveform-inverted 
depths are generally deeper than the catalog depths. 
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Figure 4. (a) Map containing the location of the 20 September, 1995 Ridgecrest 
event (star) and the recording TERRAscope stations. (b) Misfit errors as function of 
depth. (c) Contours of misfit errors around the best solution (indicated by the black 
dot). The contour interval is 5% of the minimum value. 
Focal Depth Distribution and the Seismogenic 
Zone in Southern California 
Figure 8 shows the histograms of SCSN catalog depths 
and waveform inversion depths for the 335 events included 
in this study. The catalog depths are determined from the P 
arrival times as recorded by southern California short-period 
network. Large uncertainty exists for these routinely deter- 
mined depths, mostly caused by trade-off between depth and 
origin time and some cases sparse station distribution. The 
most accurate information on depth distribution of seismicity 
is usually obtained from aftershock sequences during which 
temporary stations are deployed directly above the main- 
shock rupture. However, the interpretation of aftershocks 
can be complicated because the mainshock greatly changes 
the local stress field. Preshocks and background events prob- 
ably provide a more accurate picture of the evolving stress 
field. Since our waveform inversion technique conserves the 
amplitude information among various crustal phases, source 
depths hould be well constrained, even for small-magnitude 
earthquakes. 
The depth distribution obtained from waveform inver- 
sions shows a strong peak at about 12 km, with few events 
occurring above 5 km and below 20 km. This seems quite 
compatible with the expected seismogenic zone for a tecton- 
ically active region as southern California. It is generally 
thought hat the lower boundary of seismogenic zone is due 
to a transition from brittle to ductile behavior in continental 
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Figure 5. Comparison of data (heavy 
traces) with synthetics of solution at a depth of 
5 km (upper traces) and 14 km (lower traces) 
for the Ridgecrest event. The numbers below 
station ames are epicentral distances in km. A 
distance compensation of r is used. Vertical 
and radial components are amplified by a factor 
of 2 with respect o the tangential for display 
reason. 
crust (Meissner and Strehlau, 1982; Sibson, 1984; Doser and 
Kanamori, 1986). The top of seismogenic zone is controlled 
by a transition from stable sliding to stick slip, which can be 
attributed to the presence of unconsolidated fault gouge (Ma- 
rone and Scholz, 1988). For a region overlain by sedimen- 
tary structures of unconsolidated material and with well-de- 
veloped faults, they predict a minimum source depth of 3 to 
5 km, which agrees well with our results. 
This 1D picture of seismicity is obviously oversimpli- 
fied in that there are well-known deep seismic zones (e.g., 
ANZA network) and shallow seismic zones (e.g., Imperial 
Valley). There is, also, considerable evidence for 2D and 3D 
structures, which is causing much of the scatter in the Figure 
3. These latter features need to be incorporated in our sim- 
ulation system to obtain better locations and develop the 
ability to recover second-order source characteristics on a 
routine basis. 
Conclusions 
In summary, we have improved the CAP technique by 
removing the normalization i the definition of misfit error. 
This modification helps to fully utilize the amplitude infor- 
mation of three-component records to give a better constraint 
on source orientations and depths. It is shown that both the 
stability and resolution power of inversion are increased. We 
also introduced a distance scaling factor to the misfit error 
formalism in order to compensate for the amplitude decay 
with distance when multiple stations at different distance 
ranges are used. 
This technique has been fully automated and is pres- 
ently servicing the TERRAscope data stream, where it takes 
just a few minutes to estimate source parameters. In batch 
mode, it takes a few days to rerun through the complete 
TERRAscope data archive of local events. Preliminary re- 
suits from such runs suggest deeper faulting activity, by 6 
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Figure 6. Focal mechanisms determined from waveform inversions of 335 regional 
events (see text). The sizes of the focal spheres are proportional to Mw. 
km on average, than obtained from the SCSN catalog. Res- 
olution of such disagreements and local regionalization 
should prove much easier with this new tool. 
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